1. Introduction {#sec1-ijms-19-03615}
===============

The insulin receptor (IR), a tyrosine kinase protein physiologically present in all mammalian tissues, is a heterotetramer composed of two extracellular α-subunits and two transmembrane β-subunits bound together by disulfide bonds \[[@B1-ijms-19-03615],[@B2-ijms-19-03615]\].

The α-subunits present two different binding sites for the ligands, site 1 (low affinity-site) and site 2 (high affinity-site) \[[@B3-ijms-19-03615],[@B4-ijms-19-03615],[@B5-ijms-19-03615],[@B6-ijms-19-03615]\]. Insulin first binds to the low affinity-site on one α-subunit and subsequently to the high affinity-site of the other α-subunit \[[@B4-ijms-19-03615],[@B7-ijms-19-03615]\]; a second molecule of insulin binds to both sites of the α-subunits causing the dissociation of the first molecule \[[@B4-ijms-19-03615]\]. After the binding of the ligands to the α-subunits, the tyrosine kinase activity of the β-subunits is triggered and then a cascade of intracellular proteins involved in cell metabolism, survival and growth are phosphorylated \[[@B8-ijms-19-03615]\].

The main target tissues of insulin are liver, adipose tissue, skeletal muscle and brain, but IRs are ubiquitous and thus are expressed also in the heart, lung, pancreas, kidney, placenta, vascular endothelium, monocytes, granulocytes, fibroblasts and erythrocytes \[[@B9-ijms-19-03615]\].

The IR and the insulin-like growth factor 1 receptor (IGF-1R) derive from a common ancestral gene, highly preserved in vertebrates and invertebrates \[[@B10-ijms-19-03615]\] and show 45--65% homology in the ligand binding site and 60--85% homology in the tyrosine kinase and substrate recruitment domains \[[@B11-ijms-19-03615],[@B12-ijms-19-03615]\]. Both receptors bind insulin, Insulin-like Growth Factors 1 (IGF-1) and Insulin-like Growth Factors 2 (IGF-2) although with different affinity.

The IR is encoded by the *INSR* gene, which is located in chromosome 19p13.2; the coding region includes 22 exons that generate a protein of 1370 amino acids, with a molecular mass of ≈154 Da \[[@B13-ijms-19-03615]\]. Alternative splicing of exon 11 generates two structurally different isoforms: IR-A and IR-B. The 12 amino acids derived from exon 11 are included in the IR-B isoform (mature isoform), but not in the IR-A isoform (fetal isoform) \[[@B14-ijms-19-03615],[@B15-ijms-19-03615]\]. The two isoforms are expressed differently, IR-A is predominantly expressed in embryo and fetal tissues, central nervous system (CNS), hematopoietic cells and cancer cells, whereas IR-B is mainly expressed in the major insulin target tissues, i.e., liver, fat and muscle \[[@B13-ijms-19-03615],[@B14-ijms-19-03615],[@B16-ijms-19-03615],[@B17-ijms-19-03615]\].

IR-B binds insulin with high affinity and IGF-1 and IGF-2 with low affinity ([Figure 1](#ijms-19-03615-f001){ref-type="fig"}); IR-A binds with high affinity insulin and IGF-2, whereas it binds IGF-1 with approximately tenfold lower affinity \[[@B13-ijms-19-03615],[@B17-ijms-19-03615],[@B18-ijms-19-03615],[@B19-ijms-19-03615],[@B20-ijms-19-03615]\] ([Figure 1](#ijms-19-03615-f001){ref-type="fig"}).

When activated by insulin, the IR-B mediates mainly metabolic effects, whereas the IR-A, activated by insulin or IGF-2, mediates mitogenic effects more than IR-B \[[@B14-ijms-19-03615]\]. Both stromal and epithelial cancer cells can locally produce IGF-2 and, since IR-A is a high affinity receptor for IGF-2, the autocrine/paracrine IGF-2/IR-A loop promotes cancer cell proliferation.

IR isoforms are expressed as both homodimers (IR-A/IR-A, IR-B/IR-B) and heterodimers (IR-A/IR-B hybrid). In addition, IR isoforms may also form heterodimers with IGF-1R (IR-A/IGF-1R, IR-B/IGF-1R hybrid receptors) \[[@B21-ijms-19-03615],[@B22-ijms-19-03615]\]. The binding affinity of hybrid receptors for the three ligands are not well established because only a few studies are available and they have used different methods \[[@B21-ijms-19-03615],[@B22-ijms-19-03615]\] ([Figure 1](#ijms-19-03615-f001){ref-type="fig"}).

The IR is overexpressed in several malignancies determining abnormal responses to insulin, proinsulin and insulin-like growth factors, with predominant mitogenic rather than metabolic effects in malignant cells \[[@B8-ijms-19-03615],[@B17-ijms-19-03615],[@B23-ijms-19-03615],[@B24-ijms-19-03615]\]. The biological role of the overexpressed IR in cancers is not yet well understood. A better knowledge may have important implications, considering that in clinical trials the target therapy with inhibition of IGF-1R is often inadequate to inhibit cancer progression \[[@B25-ijms-19-03615]\], probably because the mitogenic signal might be propagated by the IR, an alternative pathway to the inhibited IGF-1R. Several studies have highlighted the role of the abnormal expression of IR isoforms in cell proliferation and cancer \[[@B14-ijms-19-03615],[@B16-ijms-19-03615],[@B17-ijms-19-03615],[@B26-ijms-19-03615]\]. Many malignant cells, in fact, in addition to IR overexpression, predominantly express the IR-A isoform with an increased IR-A:IR-B ratio \[[@B13-ijms-19-03615],[@B27-ijms-19-03615]\]. The abnormal IR transcript splicing causing an increased IR-A:IR-B ratio is a mechanism that potentiates the mitogenic response of cancer cells to circulating insulin and IGFs favoring tumor growth and progression \[[@B13-ijms-19-03615]\]. In certain cancer types, the altered IR isoform expression may play a more important role than the IGF-1R itself.

In this review, we will summarize general data and the very recent studies on the role of the IR isoforms in many cancer types, and the possible mechanisms favoring the overexpression of IR-A isoform in malignant cells.

2. Deregulation of IR in Cancer {#sec2-ijms-19-03615}
===============================

Numerous in vitro and in vivo studies demonstrated the role of IR and its isoforms deregulation on cancer development and progression. The IR deregulation occurs through two main mechanisms in cancer cells: Receptor protein overexpression and predominant A-isoform expression.

2.1. IR Overexpression {#sec2dot1-ijms-19-03615}
----------------------

Several studies documented IR overexpression in a number of malignant cells ([Table 1](#ijms-19-03615-t001){ref-type="table"}).

We first reported more than two decades ago that IR content is significantly increased in human breast cancer specimens compared to normal breast tissues: The mean value in cancer was more than six fold higher than normal breast tissue and only approximately 20% of cancer tissues had IR content in the normal range \[[@B28-ijms-19-03615]\]. IR overexpression correlated with tumor size, cancer staging and estrogen receptor (ER) expression \[[@B28-ijms-19-03615]\]. In addition, in node-negative breast cancer specimens, the IR content was a major predictor of reduced disease free survival (DFS) \[[@B49-ijms-19-03615]\]. In the following years, many studies confirmed this observation, which is considered, together with hyperinsulinemia, the reason for increased breast cancer in obese and diabetic women. Recently, a specific role of IR has been hypothesized in breast cancer progression through a novel mechanism involving CD24, a common cell surface marker for breast cancer stem cells, linked to IR for promoting tumor growth \[[@B50-ijms-19-03615]\].

Liver cancer, with a two-fold increased relative risk, is the most increased cancer in diabetic patients \[[@B51-ijms-19-03615]\]. The Insulin/IR pathway is a major regulator of liver cells growth. The endogenous insulin, released by pancreatic cells in the portal system, reaches the liver at a concentration higher than peripheral tissues, because at first pass a relevant insulin aliquot (20--40%) is degraded.

The overexpression of the IR and the associated glycogen accumulation mediated by the IRS-1 and IRS-2 pathways, have been observed in an early phase of hepatocarcinogenesis in a rat model of liver cancer induced by genotoxic *N*-nitrosomorpholine exposition \[[@B40-ijms-19-03615]\].

The IR overexpression is also involved in prostate cancer biology. IR is significantly overexpressed in human prostate cancer tissue relative to benign prostate tissue \[[@B33-ijms-19-03615]\]. In a recent study, which included 130 men who underwent prostatic surgery, a significant increase of IR expression was found in formalin fixed paraffin embedded (FFPE) malignant specimens. A role of the IR in prostate cancer recurrence was not identified, since IR expression was similar in subjects with or without biochemical cancer recurrence \[[@B32-ijms-19-03615]\].

A recent study in bladder cancer compared IR expression in blood vascular endothelial cells from human invasive bladder cancers and normal bladder tissues \[[@B42-ijms-19-03615]\]. The IR resulted overexpressed in blood vascular cells of invasive bladder cancer and its expression was significantly related with a shorter progression-free and overall survival, suggesting a role of the IR as a predictor of cancer progression.

A number of studies investigated the IR in lung cancer. In a large series of 614 non-small cell lung cancer (NSCLC) the IR-A:IR-B ratio was significantly increased compared to 92 control normal lung specimens. In addition, 11% of the NSCLC specimens expressed only the IR-A isoform \[[@B43-ijms-19-03615]\]. Moreover, in a strongly oncogenic mouse model (K-Ras activation and p53 loss) the inhibition of the IR signaling pathway, through the block of IRS-1 and IRS-2, suppressed cancer initiation in lung cells and improved the mouse survival \[[@B52-ijms-19-03615]\]. Finally, in non-small cell lung cancer cell IR-knock down caused a strong induction of pro-apoptotic cytokines (IL-20, TNF-α), suggesting a role of IR in tumor cell survival via suppression of pro-apoptotic cytokines \[[@B53-ijms-19-03615]\].

An increased IR expression was also found in thyroid cancer \[[@B45-ijms-19-03615],[@B54-ijms-19-03615]\]. In particular, IR expression was increased both in differentiated thyroid carcinomas and also in benign non-functioning ("cold") thyroid nodules, but not in highly differentiated hyperfunctioning adenomas. These findings suggest that IR overexpression may play a role in the early tumorigenesis of thyroid cancer \[[@B45-ijms-19-03615]\].

Finally, in the atypical teratoid/rhabdoid tumor, a highly aggressive pediatric cancer of the central nervous system, a peculiar autocrine signaling involving insulin and the IR was discovered, modulating the tumor growth. Atypical teratoid/rhabdoid cancer cells overexpress the IR and produce insulin, activating an autocrine IR/PI3K/Akt/mTOR loop biologically relevant for cell proliferation \[[@B55-ijms-19-03615]\].

In conclusion, abundant data in the literature indicate that IR overexpression is a characteristic of many cancers in different tissues and this observation is confirmed when IR content is measured in cancer and adjacent normal tissue from the same patients \[[@B17-ijms-19-03615]\].

2.2. IR Isoform Expression {#sec2dot2-ijms-19-03615}
--------------------------

In breast cancer, IGF-2 is secreted by both epithelial and stromal cells and binds and activate both IR and IGF-1R. IR-A overexpression in breast malignant cells potentiates the mitogenic effects, because the high binding affinity of this IR isoforms for IGF-2 \[[@B2-ijms-19-03615],[@B29-ijms-19-03615]\]. In breast cancer cells, blocking either IGF-2 or the IR markedly inhibited growth, demonstrating the relevance of the IR-A/IGF-2 loop in cell growth \[[@B29-ijms-19-03615]\]. To fully inhibit the biological effects of autocrine IGF-2, both IR-A and IGF-1R need to be blocked. IR-A levels, measured by highly sensitive q-PCR in FFPE tissues of ER+ breast cancers and ER+ hormone refractory breast cancers (HR ER+) (i.e., tumors resistant to hormonal therapies), were greater than in ER− tumors \[[@B56-ijms-19-03615]\]. Moreover, IR-A content in HR ER+ cancers was higher than IGF-1R content. In addition, an increased IR-A mRNA expression with a decreased IR-B expression results in an increased IR-A:IR-B ratio, as was detected in human breast cancer ([Table 1](#ijms-19-03615-t001){ref-type="table"}) \[[@B30-ijms-19-03615],[@B31-ijms-19-03615]\]. The IR isoforms expression is different in distinct breast cancer ER+ subtypes that have a different response to hormone treatment and a different prognosis.

The IR-A:IR-B ratio is significantly higher in the luminal B subtype characterized by tamoxifen resistance and a more unfavorable prognosis than in the luminal A breast cancer histotype characterized by response to hormonal therapy and relatively good prognosis \[[@B31-ijms-19-03615]\].

This evidence supports the possibility that IRs dysregulation of IR isoform expression with an increased IR-A:IR-B ratio are related to more aggressive and prognostically unfavorable breast cancers. Therefore, the expression of IR isoforms in breast cancers may be used as a predictive biomarker for IGF targeted therapy \[[@B56-ijms-19-03615],[@B57-ijms-19-03615]\].

Several in vitro and in vivo models' studies confirm IR-A overexpression also in prostate cancer cells \[[@B58-ijms-19-03615]\]. Both insulin and IGF-2 ligands participate to the detrimental effect of IR-A predominance \[[@B35-ijms-19-03615]\]. Prostate cancer cell exposure to IGF-2 results in a reduced IR-B expression and the relative prevalence of IR-A \[[@B35-ijms-19-03615]\] and IR-A:IR-B ratio is significantly increased in primary human prostate cancers compared to benign tissues \[[@B34-ijms-19-03615]\].

IR-A was overexpressed during the normal proliferative phase (20-fold more than IR-B) in 87 women with either normal, or hyperplastic or neoplastic endometrium, suggesting that IR-A overexpression may be a mechanism involved in estrogen-independent endometrial proliferation \[[@B37-ijms-19-03615]\]. In women with normal glucose tolerance or type 2 diabetes, IR-A was overexpressed in 75.7% endometrial cancer specimens compared to 35% of normal endometrial specimens and IR-A activation was documented to promote cancer cell growth \[[@B36-ijms-19-03615]\]. The IR-A:total IR ratio was significantly higher in endometrial cancer compared to normal specimens, especially in women with type 2 diabetes ([Table 1](#ijms-19-03615-t001){ref-type="table"}) \[[@B36-ijms-19-03615]\].

Moreover, few available data indicate a predominant IR-A expression in ovarian cancer suggesting a possible role of this IR isoform in the regulation of ovarian cancer cell growth \[[@B38-ijms-19-03615]\].

The overexpression of IR-A and the increased IR-A:IR-B ratio has been reported as a possible mechanism responsible for the adverse effects of hyperinsulinemia in a panel of 85 human hepatocellular carcinomas ([Table 1](#ijms-19-03615-t001){ref-type="table"}) \[[@B39-ijms-19-03615]\]. Recent data obtained in a model of liver cancer induced by diethylnitrosamine, confirm the role of the IR-A/IRS-1 system deregulation in this neoplasia \[[@B41-ijms-19-03615]\].

In non-small cell lung cancer (NSCLC) specimens the mRNA expression of IR-B was significantly lower in cancer tissue compared to normal tissue, with an increase of the IR-A:IR-B ratio \[[@B43-ijms-19-03615]\].

It has been hypothesized that NSCLC cancers may have both metabolic and mitogenic advantages from the increased IR-A:IR-B ratio, and therefore an evaluation of the IR isoforms before starting a treatment targeting the IGF pathway could be helpful \[[@B43-ijms-19-03615]\].

IR isoform deregulation influences the biology of colon cancer and of colon pre-malignant lesions. The risk of adenoma is increased in subjects with hyperinsulinemia, hyperglycemia and increased c-peptide \[[@B59-ijms-19-03615],[@B60-ijms-19-03615]\]. This risk appears related to a reduced apoptosis of normal rectal mucosa in these subjects and may suggest a role of insulin in the early-phase of the adenoma-carcinoma initiation process.

The differential expression of IR isoforms in stem cells, cancer cells and differentiated intestinal epithelial cells was evaluated in a mouse model of precancerous adenoma and in wild-type mice \[[@B44-ijms-19-03615]\]. IR-A was the dominant isoform in stem intestinal cells, whereas IR-B was predominant in differentiated enterocytes. Moreover, the IR-B expression was reduced in precancerous adenomas compared to normal colon tissue, as well as in aggressive, poorly differentiated human colorectal cancer cell lines compared to differentiated colorectal cancer cells, suggesting that IR-B could limit intestinal cell proliferation and transformation \[[@B44-ijms-19-03615]\]. In contrast, in subjects with colorectal adenoma or in adenoma-free controls no difference was found in total IR mRNA and in the IR-A:IR-B ratio. However, using a logistic regression model, subjects having both high insulin level and increased IR-A:IR-B ratio were more likely to have adenomas than individuals with low plasma insulin \[[@B61-ijms-19-03615]\].

Finally, in colorectal carcinoma specimens having an increased IR-A:IR-B ratio the expression of both IR isoforms was higher than that of the epidermal growth factor receptor (EGFR), a clinically validated target in this tumor type \[[@B62-ijms-19-03615]\].

An increased IR-A expression and IGF-2 production was observed in primary cultures of thyroid cancer cells and in thyroid cancer specimens compared to normal thyroid cells ([Table 1](#ijms-19-03615-t001){ref-type="table"}) \[[@B46-ijms-19-03615]\]. The IR phosphorylation, due to increased IGF-2 activates a growth-promoting autocrine loop in cancer cells. This mechanism, together with alterations of the p53 family proteins, becomes predominant in poorly differentiated and anaplastic thyroid carcinomas compared to well-differentiated carcinomas \[[@B46-ijms-19-03615],[@B63-ijms-19-03615]\].

The abnormal increase of both IR-A and IGF-1R was also found in progenitor/stem-like cells cultured as thyrospheres, and markedly decreased during differentiation when IR-B became predominant \[[@B47-ijms-19-03615]\].

The IR isoforms play a role also in bone pathophysiology. Human mature osteoblasts mainly express IR-B whereas osteoblast precursors predominantly express IR-A, with a IR-B/IR-A mRNA ratio increasing along the osteogenic differentiation \[[@B64-ijms-19-03615]\]. When bone precursor cells were transfected to overexpress IR-A, an increased proliferation rate was observed, while conversely, IR-B overexpression reduced cell growth. Therefore, IR-B isoforms seem to be involved in osteoblast precursor differentiation \[[@B64-ijms-19-03615]\]. A very high level of IR-A expression was observed in both tissue specimens and cell lines of human osteosarcoma. Since osteosarcoma cells produce high levels of IGF-2, the biological role of the autocrine loop IGF-2/IR-A may have a relevant role and should be considered in the treatment strategy of osteosarcoma \[[@B48-ijms-19-03615]\]. IR-A is the predominant isoform also in other types of sarcoma as leiomyosarcoma and rhabdomyosarcoma \[[@B65-ijms-19-03615],[@B66-ijms-19-03615]\]. In a leiomyosarcoma cell line, without the interfering activity of IGF-1R, IGF-2 mediates cell growth and cell invasion through the predominantly expressed IR-A \[[@B66-ijms-19-03615]\]. A similar role of the IR-A/IGF-2 pathway was detected also in solitary fibrous tumors, mesenchymal tumors frequently associated with hypoglycemia \[[@B67-ijms-19-03615]\].

The IR-A isoform overexpression may have a significant detrimental role in all hyperinsulinemic conditions. The cancer-promoting effect of hyperinsulinemia is based on the knowledge that insulin has both metabolic and mitogenic actions via its own receptor in addition to the IGF-1R, which is activated by insulin with a much lower affinity. In cancer cells, the biological response to insulin cannot be predicted only on the basis of the IR and IGF-1R expression levels. In vitro studies indicate that in different cancer cell lines with different expression of the insulin and insulin-like receptors, insulin stimulates proliferation in all cell lines, but with different efficacy not necessarily related to the receptor content. This is explained by the presence of other factors (genetic and environmental) that also affect cell growth \[[@B68-ijms-19-03615]\]. Insulin resistance is known to depend mainly by malfunctioning cell metabolic pathways \[[@B69-ijms-19-03615]\]. The compensatory hyperinsulinemia to overcame the metabolic pathway resistance over-stimulates the mitogenic pathway and promotes cell proliferation. This deleterious mitogenic effect of hyperinsulinemia is more marked in cancer cells because malignant cells, as already documented, often overexpress the IR. Within the increased IR, in cancer the IR-A isoform is predominant, potentiating the cell proliferation, because of having a more marked mitogenic effect than IR-B, and also because having a high-affinity for IGF-2. Insulin resistance and hyperinsulinemia, therefore, are the main pathogenetic mechanisms why conditions like obesity and diabetes are at increased risk of cancer \[[@B70-ijms-19-03615]\].

3. Mechanisms of Dysregulated IR Expression in Cancer {#sec3-ijms-19-03615}
=====================================================

Given the complexity of the regulatory network involved in IR expression and IR isoforms generation, the aberrant expression of IR in cancer may occur at different levels. Studies of factors determining IR expression and either isoform predominance under different cellular conditions have focused on mRNA transcription and protein degradation as possible regulating mechanisms. In addition, IR isoform preferential expression has been mainly associated with alterations of the splicing factor machinery.

3.1. Alteration of Transcription {#sec3dot1-ijms-19-03615}
--------------------------------

### Transcription Factors

Regulation of *IR* gene expression is mainly attained at the transcriptional level. *IR* gene transcription is dependent on a number of stimulatory nuclear proteins, including Sp1 and HMGA1 \[[@B71-ijms-19-03615],[@B72-ijms-19-03615],[@B73-ijms-19-03615]\]. In addition, *IR* gene transcription is functionally inactivated by its negative regulator p53. Indeed, p53 suppresses the IR promoter activity \[[@B74-ijms-19-03615],[@B75-ijms-19-03615]\] and this finding may explain, at least in part, why IRs are also overexpressed in most human carcinomas having mutated p53 \[[@B76-ijms-19-03615]\].

Interactions between stimulatory and inhibitory transcription factors play an important role in *IR* gene regulation and, therefore, may have a significant influence on the proliferative status of the cell. Alterations of IR transcription factors are very common in cancer cells and determine overall IR overexpression rather than either isoform preferential expression. Specifically, upregulation of Sp1 and HMGA1 or inactivation of p53 may be responsible for the increased IR cellular content. In addition, the IR mRNA up-regulation induced by serum deprivation was shown to involve the transcription factor FOXO1 ([Table 2](#ijms-19-03615-t002){ref-type="table"}). \[[@B77-ijms-19-03615]\]. Other mechanisms, frequently activated in cancer, can also contribute to IR overexpression in malignant cells.

3.2. Post-Transcriptional Dysregulation {#sec3dot2-ijms-19-03615}
---------------------------------------

### 3.2.1. Alternative Splicing Regulatory Factors {#sec3dot2dot1-ijms-19-03615}

IR is regulated at post-transcriptional levels by RNA-binding proteins (RBPs). These factors mainly regulate pre-mRNA alternative splicing. Upon transcription, pre-mRNA is processed, exons are joined, and a complex of ribonucleoproteins called spliceosome to remove introns \[[@B86-ijms-19-03615],[@B87-ijms-19-03615]\]. Most human genes containing more than one exon undergo alternative splicing to generate multiple mature mRNA variants from a single pre-mRNA \[[@B88-ijms-19-03615],[@B89-ijms-19-03615]\]. Through alternative, splicing identical pre-mRNA molecules are spliced in different forms. This mechanism is important in normal development for creating protein diversity \[[@B90-ijms-19-03615]\] and providing mechanisms for the regulation of cell response to external and internal stimuli. Alterations of splicing programs appear to be crucially linked to the biological specificity of cancer cells.

As splicing enhancer and silencer elements are responsible for the alternatively spliced *IR* intron 10 and exon 11 \[[@B91-ijms-19-03615]\], several splicing factors have been hypothesized to have regulatory roles in the exon inclusion/exclusion generating the A and B isoforms of the IR protein ([Figure 2](#ijms-19-03615-f002){ref-type="fig"}) \[[@B92-ijms-19-03615]\]. These findings are based on the correlation between the alternative splicing of IR mRNA and the expression of these splicing factors. IR isoform prevalence is associated with altered expression of mRNAs encoding for IR splicing enhancers and silencer in many cancer cell models \[[@B44-ijms-19-03615]\].

Proteins involved in IR splicing includes CUG-BP1, hnRNPs, SR (serin/arginine-rich) proteins, and MBNL) proteins ([Table 2](#ijms-19-03615-t002){ref-type="table"}). (a)[CUG-BP1]{.ul} is a splicing silencer that facilitates exon 11 exclusion, favoring IR-A expression \[[@B91-ijms-19-03615]\]. It plays also a role in the regulation of editing and translation \[[@B93-ijms-19-03615],[@B94-ijms-19-03615]\].(b)[hnRNP]{.ul} family proteins are involved in pre-mRNA splicing, mRNA export, stability and translation \[[@B95-ijms-19-03615],[@B96-ijms-19-03615]\]. hRNP H inhibits IR exon 11 splicing \[[@B79-ijms-19-03615],[@B97-ijms-19-03615]\] and interacts with CUG-BP1 promoting a maximum inhibition of IR exon 11 inclusion. hnRNP A1 inhibits, while hnRNP F enhances, inclusion of exon 11 \[[@B80-ijms-19-03615]\]. It has been shown that hnRNPA2/B1 is overexpressed in human hepatocellular carcinoma (HCC) tissues, but not in normal liver tissues. Moreover, when cancer dedifferentiates, nuclear hnRNPA2/B1 translocates from the nucleus to the cytoplasm \[[@B81-ijms-19-03615]\].(c)[SR]{.ul} (serin/arginine-rich) proteins are alternative splicing regulatory proteins that promote exon inclusion. They also regulate mRNA export and translation \[[@B98-ijms-19-03615]\]. SRSF1 belongs to this family and compete with hnRNP A1 for the same splicing site. Together with SRp20 it promotes exon inclusion recognizing exon splicing enhancers in exon 11 \[[@B91-ijms-19-03615]\]. Loss of SRp20/SRSF3 has been associated with increased IGF-2 and IR-A, which promotes proliferation, Wnt/b-catenin activation and induction of c-Myc along with the promotion of aberrant splicing and epithelial mesenchymal transition (EMT) genes' expression. In a significant proportion of cancers SRp20/SRSF3 is absent or mutated, suggesting that this mechanism may contribute to the high IR-A:IR-B ratio in cancer cells ([Table 2](#ijms-19-03615-t002){ref-type="table"}) \[[@B82-ijms-19-03615]\]. Interestingly, insulin stimulation may induce proteasome-dependent degradation of SRp20/SRSF3, which in turn may favor IGF-2 and IR-A increase.(d)[Muscleblind-like]{.ul} (MBNL) proteins are splicing enhancers involved in the alternative splicing of pre-mRNAs \[[@B99-ijms-19-03615]\]. Antagonizing the action of CUG-BP1 \[[@B79-ijms-19-03615],[@B100-ijms-19-03615]\], and interacting with other splicing regulators (such as hnRNP H), MBNL1 promotes exon 11 inclusion and favors IR-B isoform \[[@B101-ijms-19-03615],[@B102-ijms-19-03615]\]. Indeed, downregulation of MBNL1 and upregulation of CUG-BP1 are associated with reduced IR-B levels \[[@B79-ijms-19-03615],[@B103-ijms-19-03615]\], demonstrating a crucial role for these RNA-binding proteins in both IR-B expression and insulin sensitivity. Different splicing enhancers, such as MBNL1, MBNL2 and SRSF3, promote exon 11 inclusion favoring IR-B expression, while CUG-BP1 is a silencer that promotes exon 11 exclusion thus supporting IR-A predominance ([Table 2](#ijms-19-03615-t002){ref-type="table"}) \[[@B91-ijms-19-03615],[@B102-ijms-19-03615]\].

In this complex network, different mutations of splicing factors have been found in different cancers, not always correlated with changes in the relative abundance of IR isoforms. In addition, no specific mutation of splicing factors has been found to correlate with increased IR-A:IR-B ratio.

### 3.2.2. Non-Coding RNAs {#sec3dot2dot2-ijms-19-03615}

Non-coding RNAs, including miRNAs and long non-coding RNAs (lncRNAs), play an important role in post-transcriptional regulation of gene expression \[[@B104-ijms-19-03615],[@B105-ijms-19-03615]\].

miRNAs are small non-coding RNAs able to modulate gene expression at the post-transcriptional level. They act through destabilization of mRNA transcripts and/or repression of translation mainly by base-pairing to the 3′-untranslated regions (UTRs) of the target mRNAs, therefore either triggering degradation of the target mRNAs or suppressing its translation \[[@B106-ijms-19-03615]\]. A growing body of evidence has suggested that miRNAs are involved in many cellular processes, such as cell proliferation, apoptosis and metabolism \[[@B107-ijms-19-03615]\]. They may also behave as tumor suppressors and, consequently, the dysregulation of miRNAs expression can promote human diseases, including cancer \[[@B108-ijms-19-03615]\]. Mechanisms accounting for the low miRNA expression in various tumors include DNA copy number reduction and hypermethylation of the CpG islands upstream of the miRNA gene \[[@B109-ijms-19-03615]\]. Different miRNAs have been reported to be involved in IR modulation and their alteration in cancer has been associated with IR up-regulation and with IR-A:IR-B ratio increase.

miRNAs involved in IR regulation, such as miR-195, Let-7, miR-103/107 and miR-424 act as tumor suppressors with anti-proliferative and pro-differentiation effects \[[@B14-ijms-19-03615]\]. As a consequence, their expression levels are often down-regulated in cancer cells and associated with cancer progression, EMT and stem features of malignant cells, as well as with multidrug resistance.

Various miRNAs are also involved in the regulation of the main protein cascades of the insulin signaling pathway, thus affecting insulin resistance beyond the development and progression of cancer. However, insulin resistance, characterized by hyperinsulinemia, is considered a determinant of a potential cancer initiation factor and a determinant element for cancer progression \[[@B110-ijms-19-03615]\].

Recently, miRNAs have emerged as inhibitors of glucose metabolism, mitochondrial respiration and cell proliferation by targeting IR and IRS-1 inhibition, as in the case of mir-128 in triple-negative breast cancer cell models \[[@B83-ijms-19-03615]\]. Noteworthy, miRNAs have multiple rather than single targets and, therefore, several effects can occur from a single alteration. For instance, miR-15b/16-2 modulates not only IR, but also the IGF-1R and cyclin D genes: Its down-regulation has been associated with a B-cell malignancy with the characteristics of the human chronic lymphocytic leukemia, probably as a result of multiple effects ([Table 2](#ijms-19-03615-t002){ref-type="table"}) \[[@B84-ijms-19-03615]\].

Finally, dysregulation of microRNAs may influence splicing factors. Several lines of evidence have demonstrated an aberrant expression of splicing factors in cancer cells \[[@B111-ijms-19-03615]\]. Splicing factors are often a direct target of miRNAs \[[@B111-ijms-19-03615]\] and, conversely, miRNAs may also affect splicing factors. Furthermore, SR proteins can be regulated at transcriptional level by miRNAs. For instance, the tumor suppressor miR-1 induces apoptosis of bladder cancer cells inhibiting the splicing factor serine/arginine-rich 9 (SRSF9/SRp30c) \[[@B85-ijms-19-03615]\].

The miRNAs dysregulation that is often observed in cancer cells, therefore, is involved in the altered IR expression and the abnormal IR isoform ratio typical of most cancer cells ([Table 2](#ijms-19-03615-t002){ref-type="table"}).

At variance with miRNA, lncRNAs regulate gene expression via epigenetic mechanisms. They are involved in the splicing processes, mRNA stability and translation by binding to miRNAs or RBPs \[[@B112-ijms-19-03615]\]. Although lncRNAs are not directly involved in post-transcriptional regulation of the insulin system, some of them have been associated with β-cell development \[[@B113-ijms-19-03615]\]. In addition, the lncRNA CRNDE (colorectal neoplasia differentially expressed) has been recently described to be repressed by insulin/IGFs treatment \[[@B114-ijms-19-03615]\]. CRNDE seems to be a downstream target of PI3K/AKT and MAPK pathways capable to influence glucose and lipid metabolisms. Indeed, its expression promotes the metabolic changes by which cancer cells switch to aerobic glycolysis \[[@B114-ijms-19-03615]\]. However, future studies are needed to better understand their roles in cancer.

3.3. Regulation of mRNA Turnover and Translation by RNA Binding Proteins (RBPs) {#sec3dot3-ijms-19-03615}
-------------------------------------------------------------------------------

The regulation of mRNA translation into the IR protein by ribosome is also an important mechanism determining the level of cell IR content. This process is regulated by proteins that control mRNA translation and stability. Usually, translation is initiated in a cap-dependent manner, since cap recognition at the 5′ end of RNA molecules is required for the assembly of the initiation complex. However, there is also a cap-independent initiation of translation that involves an IRES (internal ribosome entry segment) sequence located in the 5′UTR of the RNA. The mRNA encoding human IR contains functional IRES, which is dependent on PTB (polypiryimidine tract binding) protein for the activity in vitro e in vivo \[[@B78-ijms-19-03615],[@B115-ijms-19-03615],[@B116-ijms-19-03615]\]. Cells may use IR-IRES to increase translation under conditions where cap-dependent initiation is compromised ([Table 2](#ijms-19-03615-t002){ref-type="table"}). The activity of IR-IRES differs in different cells and is stimulated by insulin \[[@B78-ijms-19-03615]\]. Moreover, translation initiation of a number of mRNAs is specifically regulated during differentiation, growth and stress \[[@B117-ijms-19-03615]\]. Although the proteins required for this process have yet to be fully identified, only PTBPs have shown to regulate IR mRNA translation by binding to the 5'UTR and enhancing IRES-mediated IR mRNA translocation to the ribosomes ([Figure 2](#ijms-19-03615-f002){ref-type="fig"}) \[[@B78-ijms-19-03615]\].

3.4. IR Degradation {#sec3dot4-ijms-19-03615}
-------------------

Previous studies on insulin-resistance have shown that dysregulation of post-receptor insulin signaling can be influenced by decreased IR tyrosine kinase activity and decreased cell membrane IR expression. Likewise, IR expression on the cell membrane could be determined by the internalization rate and enhanced protein degradation ([Figure 2](#ijms-19-03615-f002){ref-type="fig"}) \[[@B118-ijms-19-03615]\]. Several E3 ubiquitin ligases regulate IR and IRS protein expression by ubiquitination, facilitating endocytosis and endosomal degradation.

Recently, MARCH1, an E3 ubiquitin ligase and a new repressor of IR signaling, has been found to control IR membrane stability by polyubiquitination through the transcription factor FOXO1 \[[@B119-ijms-19-03615]\]. Consistent with this hypothesis MARCH1 down-regulation is associated with increased IR plasma membrane content. In cancer cells having an activated IR-A/IGF-2 loop, reduced MARCH1 levels could be responsible of the increased IR expression levels on the cells surface, thus potentiating the IR-mediated mitogenic effects.

4. Additional Roles of IR Alterations in Cancer Biology {#sec4-ijms-19-03615}
=======================================================

4.1. Involvement in Cancer Cell Stemness {#sec4dot1-ijms-19-03615}
----------------------------------------

Recently, IR and it's signaling pathway have been demonstrated to play a critical role in the regulation of cancer stem cell functions \[[@B23-ijms-19-03615],[@B47-ijms-19-03615]\]. Activated IR-A/IGF-2 loop may support the stem cell ability of self-renewal, promoting cancer cell survival and migration \[[@B47-ijms-19-03615]\]. Interestingly, in immortalized and in malignant cells, IR activation regulates several transcription factors involved in the EMT process and in pluripotency, such as p53, Oct-4, and Nanog. Indeed, the IR axis induces the phosphorylation and inactivation of p53, a negative regulator of Oct-4 and Nanog \[[@B120-ijms-19-03615]\] thus removing p53 suppression of stem cell typical markers.

Several studies indicated that the IGF-2/IR-A axis has a predominant role in some tumors. The activated IGF-2/IR-A loop is associated with de-differentiation and stem-like phenotype and also in EMT \[[@B121-ijms-19-03615]\] and other stem-like features \[[@B47-ijms-19-03615]\], which play a key role in cancer development and recurrence. In human thyroid cancer, cells cultured as thyrospheres and acquiring stem-like features, have an up-regulation of the IGF-2/IR-A loop, strongly associated with tumor aggressiveness and loss of differentiation \[[@B46-ijms-19-03615]\]. When comparing thyrospheres obtained from human thyroid specimens of either cancer or normal thyroid tissue, the stem-like phenotype and self-renewal ability was significantly increased in progenitor/stem malignant cells when compared with normal thyrospheres or differentiated thyrocytes \[[@B47-ijms-19-03615],[@B122-ijms-19-03615]\]. In stem/progenitor thyroid cancer cells, the IGF-2/IR-A loop was up-regulated \[[@B47-ijms-19-03615]\]. Recently, DDR1 was found to be an important regulator of both IGF-1R and IR function and expression \[[@B123-ijms-19-03615],[@B124-ijms-19-03615],[@B125-ijms-19-03615],[@B126-ijms-19-03615]\]. So far, as IR-A is the prevalent IR isoform expressed in the most aggressive tumors, DDR-1 can behave as a potential modulator of the IGF-2/IR-A loop \[[@B127-ijms-19-03615]\].

4.2. Correlation with Advanced Cancer Disease {#sec4dot2-ijms-19-03615}
---------------------------------------------

It is today recognized that the IR is overexpressed in many tumors \[[@B17-ijms-19-03615],[@B33-ijms-19-03615],[@B38-ijms-19-03615],[@B46-ijms-19-03615],[@B66-ijms-19-03615]\] and that also IGF-2 and IR-A overexpression is present in a wide range of human cancers and is associated with a poor prognosis \[[@B128-ijms-19-03615],[@B129-ijms-19-03615],[@B130-ijms-19-03615]\]. In addition, IR-A activation, mainly by IGF-2, promotes metastasis \[[@B121-ijms-19-03615]\] and is linked to tumor progression and de-differentiation. Indeed, IR expression is very high in poorly differentiated and anaplastic cancers \[[@B46-ijms-19-03615]\]. The presence of both high levels of IR-A and hyperinsulinemia correlates with more aggressive and hormone-resistant breast cancers. As already mentioned, IR-A activation in cancer cells is associated with active downstream signaling pathway with predominant mitogenic effect \[[@B14-ijms-19-03615]\] and poor patient prognosis. Many studies have demonstrated the role of insulin-resistance associated with metabolic disorders, such as obesity and type 2 diabetes mellitus (T2DM) in carcinogenesis and cancer progression \[[@B14-ijms-19-03615],[@B27-ijms-19-03615],[@B131-ijms-19-03615],[@B132-ijms-19-03615]\]. In conclusion, the overexpressed IR and its predominantly mitogenic isoform can produce, in all conditions of hyperinsulinemia, a series of deleterious effects, including EMT stimulation, cell migration, angiogenesis, and resistance to chemotherapeutic agents.

4.3. The IR Implication in Resistance to Targeted Therapies {#sec4dot3-ijms-19-03615}
-----------------------------------------------------------

Intrinsic and acquired resistance to targeted therapies frequently results from the activation of alternative tyrosine kinase receptors (RTKs). The IR, for instance, may be implicated in the resistance to anti-IGF-1R therapies used as both in monotherapy, or in combination with cytotoxic agents. Indeed, many evidences indicate that a compensatory crosstalk between IGF-1R and the IR may account for resistance to IGF-1R targeted therapy \[[@B133-ijms-19-03615],[@B134-ijms-19-03615]\], since genetic, shRNA-mediated or pharmacological inactivation of the IGF-1R can result in IR up-regulation \[[@B133-ijms-19-03615],[@B135-ijms-19-03615],[@B136-ijms-19-03615],[@B137-ijms-19-03615]\]. IR, therefore, can mediate primary resistance to IGF-1R targeted therapy and can be used as a potential biomarker for patient selection. These findings provide a rationale for co-targeting IGF-1R and IR in cancer treatment. At this regard dual inhibitors, such as OSI-906, have already been developed and some of them have already been taken into clinical trials \[[@B138-ijms-19-03615]\]. However, drugs targeting the IGF axis have shown different limitations as they may induce insulin resistance and a compensatory hyperinsulinemia, negatively affecting cancer progression. At this regard, new therapeutic approaches inhibiting cell growth and proliferation by affecting the IGF axis have been proposed \[[@B139-ijms-19-03615],[@B140-ijms-19-03615]\]. A recent study has suggested an alternative approach, targeting both IGF-1R and IR degradation to treat cancers having IR/IGF-1R overactivation \[[@B141-ijms-19-03615]\]. By an artificial E3 ubiquitin ligase able to recognize proteins of interest, a method to increase ubiquitination-mediated proteolysis has been proposed using an engineered ubiquitin ligase composed of an IGF-1R/IR binding domain (the PTB domain of IRS-1) and a functional ubiquitin ligase domain. Such a strategy may have many advantages as most types of cancer cells overexpress more than one oncoprotein, a mechanism able to compensate and favor survival pathways to overcome single-target directed therapy. This degradation strategy could be combined with other inhibitors and chemotherapeutic agents.

5. Conclusions {#sec5-ijms-19-03615}
==============

Both IR isoforms are overexpressed in many cancer types and the IR-A:IR-B ratio in most cases is in favor of the IR-A isoform. The prevalence of IR-A contributes to modifying the response of cancer cells to insulin and IGFs by different mechanisms.

First, IR overexpression sensitizes cancer cells to the pleiotropic effects of insulin, in particular in all clinical conditions with hyperinsulinemia.

Second, IR-A binds to IGF-2 with high affinity. Both cancer and stromal cells produce IGF-2 and therefore IR-A, in addition to IGF-1R, mediates the mitogenic and antiapoptotic effects of IGF-2.

Third, IR-A may form hybrid receptors with IGF-1R, causing subtle, but biologically significant differences in ligand-stimulated signaling. A high IR-A:IGF-1R ratio may favor the effects of IGF-2 over the effects of IGF-1. After the failures of anti-IGF-1R trials in some cancer types, IR-A signaling has been postulated as one of the major mediators of resistance to anti-IGF-1R therapy. Moreover, IGF-2 production may be stimulated by antitumor treatments and may enhance drug resistance through IR-A binding.

The mechanisms of IR isoform dysregulation in cancer are complex and only partially understood. Studies have focused on mRNA transcription, splicing factors and receptor protein degradation. Alterations of one or more of these mechanisms seem to be involved in the IR isoform overexpression.

The role of the IR isoforms in the clinical setting of cancer biology is not yet fully defined and deserves further studies. One difficult for IR isoform study is dependent from the unavailability of antibodies able to distinguish the two IR isoforms. Consequently, the expression of the IR isoforms in cancer cannot be detected at the protein level. However, in order to promote a better understanding of cancer biology, the role of IR isoforms in malignant cells must be evaluated as a relevant factor in a complex system where other factors are aberrantly activated.

In conclusion, novel anti-cancer therapeutic strategies should be established for a new therapeutic approach, including the inhibition of the IR-A overexpression, the increased IR-A:IR-B and the IR-A/IGF-1R expression in cancer cells.
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![Schematic representation of the insulin receptor (IR) isoforms. Homodimerization of the αβ subunits A or B produces IR-A and IR-B. Heterodimerization of one A and one B αβ subunit forms the hybrid IR. The isoforms are generated by alternative splicing of exon 11 that encoded a 12-amino acid segment in the C-terminus of the α subunit, present in IR-B, but not in IR-A and this difference cause the difference in structure/function. The table indicates the affinity binding (expressed as EC~50~ of unlabeled ligand) to insulin and IGF-2 for the IR isoforms and for IR-A/IR-B.](ijms-19-03615-g001){#ijms-19-03615-f001}

![Schematic representation of mechanisms regulating the expression of IR isoforms. The figure summarizes the principal phases determining the level of the total cellular IR content and the relative IR isoform expression. (1) *Transcription regulation:* The balance between stimulatory and inhibitory transcription factors plays an important role in regulating *IR* gene transcription in chromosome 19; (2) *Alternative splicing:* At post-transcriptional level alternative splicing of the IR mRNA transcript (including or excluding exon 11) regulates the IR isoform relative abundance. Different modulators, such as splicing factors, miRNAs and lnRNAs are involved; (3) *mRNA turnover and translation:* The stability of IR mRNAs and its translation into the IR protein by ribosomes is regulated by the RNA binding proteins (RBPs); (4) *Internalization and degradation:* IR isoforms undergo internalization and protein degradation by ubiquitination at a different rate, through a process that facilitates endocytosis and endosomal degradation. The ligand binding feature is an important determinant of this process.](ijms-19-03615-g002){#ijms-19-03615-f002}

ijms-19-03615-t001_Table 1

###### 

Insulin receptor and insulin receptor isoforms expression in various cancer types in comparison with non-malignant paired tissues.

  Cancer Type                Model                           IR                            IR-A                          IR-B                          IR-A:IR-B Ratio               References
  -------------------------- ------------------------------- ----------------------------- ----------------------------- ----------------------------- ----------------------------- -----------------------------------------------
  **Hormone-dependent**                                                                                                                                                              
  Breast                     h-BC specimens                  ![](ijms-19-03615-i001.jpg)                                                                                             \[[@B28-ijms-19-03615]\]
                             h-BC cell lines and specimens                                 ![](ijms-19-03615-i001.jpg)                                                               \[[@B17-ijms-19-03615],[@B29-ijms-19-03615]\]
                             h-BC specimens                                                ![](ijms-19-03615-i001.jpg)   ![](ijms-19-03615-i002.jpg)   ![](ijms-19-03615-i001.jpg)   \[[@B30-ijms-19-03615]\]
                             h-BC specimens                                                ![](ijms-19-03615-i003.jpg)   ![](ijms-19-03615-i002.jpg)   ![](ijms-19-03615-i001.jpg)   \[[@B31-ijms-19-03615]\]
  Prostate                   h-PC specimens                  ![](ijms-19-03615-i001.jpg)                                                                                             \[[@B32-ijms-19-03615],[@B33-ijms-19-03615]\]
                             h-PC specimens                                                                                                            ![](ijms-19-03615-i001.jpg)   \[[@B34-ijms-19-03615]\]
                             h-PC cell lines                                               ![](ijms-19-03615-i001.jpg)                                                               \[[@B35-ijms-19-03615]\]
  Endometrial                h-EC cell lines and specimens   ![](ijms-19-03615-i001.jpg)   ![](ijms-19-03615-i001.jpg)                                                               \[[@B36-ijms-19-03615]\]
                             h-EC specimens                                                ![](ijms-19-03615-i001.jpg)   ![](ijms-19-03615-i001.jpg)                                 \[[@B37-ijms-19-03615]\]
  Ovarian                    h-OV cell lines                 ![](ijms-19-03615-i001.jpg)   ![](ijms-19-03615-i001.jpg)                                                               \[[@B38-ijms-19-03615]\]
  **Hormone- independent**                                                                                                                                                           
  Liver                      h-HCC specimens                 ![](ijms-19-03615-i001.jpg)   ![](ijms-19-03615-i001.jpg)   ![](ijms-19-03615-i002.jpg)   ![](ijms-19-03615-i001.jpg)   \[[@B39-ijms-19-03615]\]
                             r-HCC specimens                 ![](ijms-19-03615-i001.jpg)                                                                                             \[[@B40-ijms-19-03615]\]
                             m-HCC specimens                 ![](ijms-19-03615-i001.jpg)   ![](ijms-19-03615-i001.jpg)                                                               \[[@B41-ijms-19-03615]\]
  Bladder                    h-BLC specimens                 ![](ijms-19-03615-i001.jpg)                                                                                             \[[@B42-ijms-19-03615]\]
  Lung                       h-NSCLC specimens                                                                           ![](ijms-19-03615-i002.jpg)   ![](ijms-19-03615-i001.jpg)   \[[@B43-ijms-19-03615]\]
                             h-LC specimens                                                ![](ijms-19-03615-i001.jpg)                                                               \[[@B17-ijms-19-03615]\]
  Colon                      m-PCA, h-CC cell lines                                                                      ![](ijms-19-03615-i002.jpg)                                 \[[@B44-ijms-19-03615]\]
                             h-CC specimens                                                ![](ijms-19-03615-i001.jpg)                                                               \[[@B17-ijms-19-03615]\]
  Thyroid                    h-TC specimens                  ![](ijms-19-03615-i001.jpg)                                                                                             \[[@B45-ijms-19-03615]\]
                             h-TC cell lines and specimens   ![](ijms-19-03615-i001.jpg)   ![](ijms-19-03615-i001.jpg)                                                               \[[@B46-ijms-19-03615]\]
                             h-TC cell lines                                               ![](ijms-19-03615-i001.jpg)                                                               \[[@B47-ijms-19-03615]\]
  Osteosarcoma               h-OS cell lines and specimens                                 ![](ijms-19-03615-i001.jpg)                                                               \[[@B48-ijms-19-03615]\]

h, human; r, rat; m, mice; BC, breast cancer; HCC, hepatocarcinoma; PC, prostate cancer; BLC, bladder cancer; EC, endometrial cancer; OC, ovarian cancer; NSCLC, non-small cell lung cancer; LC, lung cancer; CC, colon cancer; PCA, precancerous colon adenoma; TC, thyroid cancer; OS, osteosarcoma.

ijms-19-03615-t002_Table 2

###### 

Molecular mechanisms associated with IR dysregulated expression.

  Mechanism of Altered IR Expression                              Dysregulation                      References
  --------------------------------------------------------------- ---------------------------------- --------------------------
  IR transcription factors upregulation (Sp1, HMGA1, or FOXO1)    IR upregulation                    \[[@B73-ijms-19-03615]\]
  p53 inactivation                                                IR upregulation                    \[[@B75-ijms-19-03615]\]
  Enhanced IRES-mediated IR mRNA translocation to the ribosomes   IR upregulation                    \[[@B78-ijms-19-03615]\]
  CUG-BP1 increase                                                Increased IRA:IRB ratio            \[[@B79-ijms-19-03615]\]
  hRNP H increase                                                 Increased IRA:IRB ratio            \[[@B79-ijms-19-03615]\]
  hRNP A1 increase                                                Increased IRA:IRB ratio            \[[@B80-ijms-19-03615]\]
  hRNP A2/B1 increase                                             Increased IRA:IRB ratio            \[[@B81-ijms-19-03615]\]
  Loss of SRSF3 and SRp20                                         Increased IGF2 and IRA:IRB ratio   \[[@B82-ijms-19-03615]\]
  MBNL downregulation                                             Increased IRA:IRB ratio            \[[@B79-ijms-19-03615]\]
  mir-128 downregulation                                          Increased IRA:IRB ratio            \[[@B83-ijms-19-03615]\]
  mir-15b/16-2 downregulation                                     Increased IRA:IRB ratio            \[[@B84-ijms-19-03615]\]
  mir-1 downregulation                                            Increased IRA:IRB ratio            \[[@B85-ijms-19-03615]\]
